Aims: γ-aminobutyric acid (GABA), the principal inhibitory neurotransmitter, acts on GABA receptors to play an important role in the modulation of macrophage functions. The present study examined the effects of GABA and a GABA receptor agonist on modulating cholesterolmetabolism-associated molecules in human monocyte-derived macrophages (HMDMs). Methods: ORO stain, HPLC, qRT-PCR, Western blot and EMSA were carried out using HMDMs exposed to ox-LDL with or without GABAergic agents as the experimental model. Results: GABA and topiramate reduced the percentage of cholesterol ester in lipid-laden HMDMs by down-regulating SR-A, CD36 and LOX-1 expression and up-regulating ABCA1, ABCG1 and SR-BI expression in lipid-laden HMDMs. The production of TNF-α was decreased in GABAand topiramate-treated lipid-laden HMDMs, and levels of interleukin (IL)-6 did not change. The activation of two signaling pathways, p38MAPK and NF-κB, was repressed by GABA and topiramate in lipid-laden HMDMs. Conclusion: GABA and topiramate inhibit the formation of human macrophage-derived foam cells and may be a possibility for macrophage targeted therapy of atherosclerotic lesions.
Introduction
Plaque macrophages are the key innate immune cells that are involved in the pathogenesis of atherosclerosis [1] . The best understood pathological process mediated by macrophages is their inability to properly process modified lipoproteins, resulting in the formation of foam cells, which is a dangerous component of atherosclerotic plaque [2] . Many molecules are involved in the recognition and processing of modified lipoproteins. Scavenger receptors, such as scavenger receptor class A (SR-A), lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) and CD36, mediate foam cell formation by facilitating the uptake of modified lipids [3, 4] . Acyl-CoA:cholesterol acyltransferase (ACAT) 1, ATP-binding cassette (ABC) A1, ABCG1 and scavenger receptor class B type I (SR-BI) affect macrophage cholesterol metabolism and transport [5] [6] [7] . It is clinically promising to modulate the expression of these cholesterol-metabolism-associated molecules in macrophages.
It is well established that there is an extensive cross-talk between the immune system and the nervous system. GABA, the principal inhibitory neurotransmitter, is one of the molecules participating in the exchange between the two systems [8] . Several recent studies have shown that immune cells, such as macrophages, dendritic cells and T cells, are capable of synthesizing GABA and expressing functional GABA receptors [9] . GABA acts on GABA receptors to affect a variety functional properties of the immune cells, such as cytokine secretion, cell proliferation, phagocytic activity and chemotaxis [10, 11] . Increasing GABAergic activity ameliorates the progression of autoimmune diseases, such as multiple sclerosis, diabetes mellitus and rheumatoid arthritis [12] [13] [14] [15] .
In view of the immunoinhibitory role of the GABA-GABA receptor signaling system, we hypothesize that GABA and GABA receptor agonist, such as topiramate, a GABA-A receptor agonist and baclofen ,a GABA-B receptor agonist, exhibit inhibitory effects on phagocytic activity for cholesterol in HMDMs.
Materials and Methods

Ethics statement
Our experiment used fresh plasma and peripheral blood mononuclear cells from normolipidemic volunteers with their consent, and the study was approved by the Wuhan Blood Centre (authorizations: 2011-8) and conformed to Declaration of Helsinki.
LDL isolation and oxidization
Native LDLs (densities ranging from 1.006 to 1.063 g/ml) were isolated from fresh plasma of normolipidemic volunteers by sequential preparative ultracentrifugation according to published standard protocols [16] . LDLs were oxidized with 10 μM CuCl 2 to obtain ox-LDL.
Isolation of human PBMCs
Human peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood samples of healthy volunteers by Ficoll density gradient centrifugation and grown in RPMI 1640 medium supplemented with 10% fetal bovine serum at 37℃ in 5% CO 2 and 95% humidity for seven days to induce differentiation into HMDMs.
Treatment of HMDMs with GABAergic agents
After differentiation, HMDMs were exposed to 100 μg/ml ox-LDL in the presence of GABA (Sigma, Saint Louis, US) at concentrations of 0.1, 1 or 1000 μM for 1 h; GABA-A receptor agonist topiramate (Sigma, Saint Louis, US) at concentrations of 2, 20 or 200 μM for 1 h; or GABA-B receptor agonist baclofen (Sigma, Saint Louis, US) at concentrations of 1, 10 or 100 nM for 1 h. HMDMs treated with GABA, topiramate or baclofen were exposed to 100 μg/ml ox-LDL for 48 h to accelerate foam cell formation with less toxicity or apoptosis. Meanwhile, to further observe the action of GABA, topiramate or baclofen, HMDMs were exposed to 100 μg/ml ox-LDL for 24 or 36 h in the presence of 1 μM GABA, 20 μM topiramate or 10 nM baclofen. HMDMs exposed to GABA, topiramate, baclofen or 100 μg/ml ox-LDL were cultured for 48 h. 
Cellular Physiology and Biochemistry
Cholesterol content analysis Cells were counterstained with oil red O (ORO) and hematoxylin following the routine procedure. Cells with a lipid droplet area no less than the width of the nucleus were designated ORO positive (ORO+). The ORO+ cells were counted [17] .
High performance liquid chromatography (HPLC) was conducted as follows. Briefly, cells were sonicated and lysed before triglycerides and proteins were eliminated from cell lysates. Lysates were then dissolved in a solution of n-hexane and isopropanol (4:1, V/V), and free cholesterol (FC) was extracted. One aliquot sample was treated with cholesterol esterase to obtain total cholesterol (TC) content. Samples were dried through a vacuum degasser and dissolved in a mobile phase containing isopropanol: n-heptane: acetonitrile (35:12:52, V/V). TC and FC were measured by a chromatography system (VARIAN Prostar 210). Cholesterol ester (CE) was calculated through the subtraction of FC from TC.
Assessment of mRNA
Total RNA was extracted from HMDMs using TRIzol reagent (Invitrogen, Carlsbad, CA). Quantitative Real Time PCR (qRT-PCR) was performed using One Step SYBR PrimeScript RT-PCR Kit (Takara, Dalian, CN) and ABI PRISM 7500 Sequence system (Applied Biosystems) according to the manufacturers' protocols. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous control. Fold changes in mRNA expression level normalized to GAPDH were calculated by the comparative Ct method formula 2 -ΔΔCt . PCR primers are shown in Table 1 .
Western blotting analysis
Total protein extracts were prepared and then subjected to Western blotting analysis. After SDSpolyacrylamide gel electrophoresis, proteins were transferred onto nitrocellulose membranes and detected by the corresponding primary antibodies against SR-A (Santa Cruz Biotechnology, Santa Cruz, CA), LOX-1 (R&D, Minneapolis, MN), ACAT1 (Cayman, Ann Arbor, MI), ABCA1 (Abcam, London, UK), ABCG1 (Epitomics, Burlingame, CA), SR-BI (Epitomics, Burlingame, CA), p-p38MAPK/p38MAPK (CST, Boston, US), pAKT/AKT (CST, Boston, US) and GAPDH (Beyotime, Haimen, CN), and the following horseradish peroxidase (HRP)-conjugated secondary antibodies. The proteins were visualized with the Enhance Chemiluminescence kit (ECL, Thermo, Rockford, IL). Semiquantitative analysis of films was performed with the Image-Pro Plus analysis software.
ELISA assays of cytokines production
Levels of TNF-α and IL-6, which accumulated in the cell culture supernatant, were measured by using a commercial ELISA kit according to the manufacturer's instructions (eBioscience, San Diego, CA).
Electrophoretic mobility shift assays (EMSA)
Five micrograms of nuclear extracts was prepared, and non-radioactive EMSA was performed using an EMSA kit according to the manufacturer's instructions (Pierce, Rockford, US) as described previously. Briefly, nuclear protein extracts were incubated with the double-stranded NF-κB consensus oligonucleoti- 
Results
GABA and topiramate reduce cholesterol content in HMDMs exposed to ox-LDL and enhance apoA-I-mediated cholesterol efflux
We directly quantified cholesterol content in HMDMs exposed to 100 μg/ml ox-LDL in the presence or absence of GABA, topiramate or baclofen by ORO staining. When HMDMs were exposed to 100 μg/ml ox-LDL, lipid droplets increased (Fig. 1 A-3, B-3 and C-3) . In the Fig. 1 . Effects of GABAergic agents on cellular cholesterol content in HMDMs exposed to 100 μg/ml ox-LDL. Intracellular lipid droplets were observed by ORO staining. Lipid droplets were stained red and nuclei blue (A-C) and ORO+ cells were counted (D-F). A-1, B-1 and C-1, HMDMs were cultured for 48 h. A-2, HMDMs exposed to 1 μM GABA alone were cultured for 48 h. A-3, B-3 and C-3, HMDMs exposed to 100 μg/ml ox-LDL alone were cultured for 48 h. A-4, HMDMs exposed to 100 μg/ ml ox-LDL in the presence of 1 μM GABA were cultured for 48 h. B-2, HMDMs exposed to 20 μM topiramate alone were cultured for 48 h. B-4, HMDMs exposed to 100 μg/ml ox-LDL in the presence of 20 μM topiramate were cultured for 48 h. C-2, HMDMs exposed to 10 nM baclofen alone were cultured for 48 h. C-4, HMDMs exposed to 100 μg/ml ox-LDL in the presence of 10 nM baclofen were cultured for 48 h. D-F, The number of ORO+ cells in each group (n = 3). *P < 0.05 versus blank group (HMDMs were cultured for 48 h); # P < 0.05 versus HMDMs exposed to 100 μg/ ml ox-LDL alone.
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Cellular Physiology and Biochemistry presence of 1 μM GABA or 20 μM topiramate, lipid droplets in HMDMs exposed to 100 μg/ ml ox-LDL decreased significantly ( Fig. 1 A-4 and B-4). The amount of ORO+ cells increased when HMDMs were exposed to 100 μg/ml ox-LDL ( Fig. 1 D-F) , and the amount decreased significantly in the presence of 1 μM GABA or 20 μM topiramate ( Fig. 1 D-E) . However, in the presence of 10 nM baclofen, the lipid droplets and the amount of ORO+ cells in HMDMs exposed to 100 μg/ml ox-LDL did not change ( Fig. 1 C-4 and F) . TC, FC and CE in treated HMDMs were quantified using high performance liquid chromatography. There was a significant decrease in TC and CE in the presence of GABA or topiramate in HMDMs exposed to ox-LDL compared with HMDMs exposed to ox-LDL alone (Tables 2 and 3) , and there was no change in the presence of baclofen (Table 4 ). There was a significant enhancement of apoA-I-and HDL (HDL 2 or HDL 3 )-mediated [ 3 H]-cholesterol efflux in HMDMs exposed to ox-LDL in the presence of GABA or topiramate (Fig. 2 A-D) . This enhancement was concentration and time dependent in the GABA-treated groups (Fig. 2 A  and C) . Baclofen had no effect on apoA-I-and HDL (HDL 2 or HDL 3 )-mediated [ 3 H]-cholesterol efflux in HMDMs exposed to ox-LDL (Fig. 2 E-F) . Table 2 . Effect of GABA on TC, FC and CE in HMDMs exposed to 100 μg/ml ox-LDL. Data represent the mean ± SEM (n=3). *P<0.05 versus HMDMs exposed to 100 μg/ml ox-LDL alone Table 3 . Effect of topiramate on TC, FC and CE in HMDMs exposed to 100 μg/ml. Data represent the mean ± SEM (n=3). *P<0.05 versus HMDMs exposed to 100 μg/ml ox-LDL alone Table 4 . Effect of baclofen on TC, FC and CE in HMDMs exposed to 100 μg/ml ox-LDL. Data represent the mean ± SEM (n=3). *P<0.05 versus HMDMs exposed to 100 μg/ml ox-LDL alone Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry expression levels of SR-A/CD36/LOX-1 in HMDMs exposed to ox-LDL alone, mRNA expression levels of SR-A/CD36/LOX-1 in GABA-treated groups exposed to ox-LDL and SR-A/CD36 in topiramate-treated groups exposed to ox-LDL were down-regulated in a concentrationdependent manner. LOX-1 mRNA expression in topiramate-treated groups exposed to ox-LDL decreased when the group was treated with 20 μM or 200 μM topiramate, but LOX-1 mRNA expression increased at 2 uM topiramate ( Fig. 3 A and B) . ACAT1 mRNA expression was repressed in GABA-treated groups exposed to ox-LDL. However, there was no significant difference in ACAT1 expression levels between the 1 μM GABA and 1000 μM GABA treated groups (Fig. 3C) . Additionally, 20 μM topiramate and 200 μM topiramate had no effect on ACAT1 mRNA expression in HMDMs exposed to ox-LDL. However, ACAT1 mRNA expression was elevated in the presence of 2 μM topiramate (Fig. 3D) . The mRNA expression levels of ABCA1, ABCG1 and SR-BI were up-regulated in HMDMs exposed to ox-LDL in the presence of GABA or topiramate ( Fig. 3E and F) . and SR-BI in HMDMs exposed to 100 μg/ml ox-LDL in the absence or presence of topiramate at varying concentrations of 2, 20 or 200 μM topiramate (n = 3). *P < 0.05 versus HMDMs exposed to 100 μg/ml ox-LDL alone.
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We further investigated protein expression levels of cholesterol-metabolism associated molecules. The changes were comparable in magnitude with mRNA expression levels of these molecules. Compared with protein expression levels of SR-A, CD36 and LOX-1 in HMDMs exposed to ox-LDL alone, the protein levels of SR-A, CD36 and LOX-1 in GABA-treated groups exposed to ox-LDL were repressed but not in a concentration-or time-dependent manner ( Fig. 4 A and C) . In topiramate-treated groups exposed to ox-LDL, a similar reduction of protein expression levels of SR-A, CD36 and LOX-1 was observed. The protein expression of SR-A was concentration dependent (Fig. 4 B and F) . GABA down-regulated the protein level of ACAT1 exposed to ox-LDL in concentration-dependent manner (Fig. 4 A and D) . In line with ACAT1 mRNA level, ACAT1 protein level did not change in topiramate-treated groups exposed to ox-LDL (Fig. 4 B and G) . The protein levels of ABCA1, ABCG1 and SR-BI were significantly increased in HMDMs exposed to ox-LDL in the presence of GABA or topiramate compared with HMDMs exposed to ox-LDL alone, but not in a concentration-or time-dependent manner (Fig. 4 A, B, E and H) .
We also found most cholesterol-metabolism associated molecules, such as SR-A, CD36, LOX-1, ACAT1, ABCA1 and ABCG1, increased or decreased their levels in HMDMs exposed to GABA or topiramate alone compared with HMDMs exposed to ox-LDL alone. The underlying cause is not clear.
GABA and topiramate modulate the production of inflammatory cytokines by HMDMs
Using ELISA, we tested the concentration of TNF-α and IL-6, the proinflammatory cytokines primarily produced by macrophages. The results confirmed that ox-LDL-induced TNF-α production was markedly decreased by GABA or topiramate treatment (Fig. 5 A) . However, there was no significant change in the level of IL-6 in HMDMs exposed to ox-LDL in the presence of GABA or topiramate (Fig. 5 B) .
GABA and topiramate modulate p38MAPK phosphorylation and NF-κB activation
To more clearly define the mechanisms of GABAergic agents in HMDMs, two signaling pathways were explored following incubation with or without GABAergic agents. Compared with HMDMs exposed to ox-LDL alone, the phosphorylation expression of p38 mitogenactivated protein kinase (p38MAPK), which negatively regulates the expression of ABCA1 Fig. 5 . GABA and topiramate modulate cytokine production. Cytokine production was measured in HMDMs (blank), HMDMs exposed to 100 μg/ml ox-LDL alone (ox-LDL only), HMDMs exposed to 1 μM GABA or 20 μM topiramate (GABA only or topiramate only), HMDMs in the presence of 1 μM GABA or 20 μM topiramate exposed to 100 μg/ml ox-LDL (GABA+ox-LDL or topiramate+ox-LDL) (n=3). Data are shown as the mean ± SD and are representative of the range of concentrations tested. *P < 0.05 versus HMDMs exposed to 100 μg/ml ox-LDL alone.
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Fig. 6. (A and B)
Western blot for the phosphorylated p38MAPK protein was performed and compared with the nonphosphorylated form in HMDMs (blank), HMDMs exposed to 100 μg/ ml ox-LDL alone (ox-LDL only), HMDMs exposed to 1 μM GABA or 20 μM topiramate (GABA only or topiramate only), HMDMs in the presence of 1 μM GABA or 20 μM topiramate exposed to 100 μg/ml ox-LDL (GABA+ox-LDL or to p i ra m a te + ox-LDL) (n=3). (C and D) EMSA for the binding activity of NF-κB was examined in HMDMs (blank), HMDMs exposed to 100 μg/ml ox-LDL alone (ox-LDL only), HMDMs exposed to 1 μM GABA or 20 μM topiramate (GABA only or topiramate only), HMDMs in the presence of 1 μM GABA or 20 μM topiramate exposed to 100 μg/ml ox-LDL (GABA+ox-LDL or topiramate+ox-LDL) (n=3). Data are shown as the mean ± SD. *P < 0.05 versus control group. and G1, and the activation of NF-κB, which plays a central role in the inflammatory process, were markedly lower in GABA-and topiramate-treated groups, both exposed to ox-LDL (Fig. 6 ). These results suggested a possible involvement of p38MAPK and NF-κB signaling pathways in this response.
Discussion
In the light of previous reports of a GABAergic inhibitory effect on the phagocytic activity of immune cells, this study was designed to evaluate whether GABA and a GABA receptor agonist modulate the lipid ingestion of macrophage. We showed that administration of GABA and topiramate, a GABA-A receptor agonist, inhibited human macrophage-derived foam cell formation in vitro, while baclofen, a GABA-B receptor agonist, had no effect. The observed beneficial effects of GABA and topiramate were associated with restoration of the normal macrophage cholesterol metabolism, as evidenced by a reduced cholesterol content and enhanced cholesterol efflux in lipid-laden HMDMs.
Expression of GABA receptors has been demonstrated on human monocytes in vitro, indicating that GABA may directly affect macrophage activity [20] . The key finding of our study is that GABA and topiramate can modulate the expression of macrophage cholesterolmetabolism proteins. Our data indicated that the expression levels of SR-A, CD36, and LOX-1 were markedly decreased, while ABCA1, ABCG1 and SR-BI were profoundly increased in GABA-and topiramate-treated lipid-laden HMDMs. These changes resulted in a decreasing cholesterol influx, attenuating free cholesterol esterification and increasing cholesterol efflux in lipid-laden HMDMs. Previous findings have demonstrated that the loss of SRA activity does not abrogate foam cell formation in hyperlipidemic mice due to alternative pathways, such as macropinocytosis and phagocytosis, for lipid uptake [21, 22] . Deletion of ABCA1 or G1 alone could not accelerate the formation of lesions because of transporter mutual compensation and aqueous diffusion [23, 24] . The ACTIVATE clinical trial demonstrated that ACAT1 inhibition was ineffective and potentially harmful [6] . Those reports highlighted that the normal macrophage cholesterol metabolism involved the uptake, intracellular metabolism and efflux of cholesterol within the macrophage. The removal of one aspect of the circuit is compensated by another. It is likely that intervention on only one part of metabolic processes does not effectively prevent foam cell formation. In our study, GABAergic agents up-or down-regulated the expression of many macrophage cholesterol-metabolism proteins and had synergistic roles against macrophage foam cell formation. Therefore, GABAergic agents appear to be prospective foam cell targeting drugs that could ameliorate disrupted cholesterol mechanisms.
Macrophages are major producers of TNF-α and IL-6 [25] . Persistent overexpression of TNF-α has been measured in atherosclerotic plaque in response to both transient myocardial ischemia and reperfusion, which leads to adverse coronary outcomes [26] . IL-6 levels increase with acute ischemia and are a marker for plaque instability [27] . In our study, GABA and topiramate weakened the ox-LDL-induced TNF-α production in HMDMs in vitro and had no effect on IL-6 production. Some data have indicated that GABA decreases IL-6 production in macrophages [28, 29] . GABA-A receptor agonist decreased TNF-α production in a mouse model for allergic contact dermatitis [15] and diminished TNF-α and IL-6 levels of purified antigen-presenting cells in C57Bl/6J mice of multiple sclerosis [9] . It was also reported that GABA increased mRNA expression levels of TNF-α and IL-6 in C57Bl/6J mice with multiple sclerosis and IL-6 production by macrophages in vitro [30] . These controversial results suggest that for GABAergic agents, there may be differences in underlying immune mechanisms in different autoimmune disease models.
We further demonstrated that GABA and topiramate attenuated the activation of p38MAPK and NF-κB in lipid-laden HMDMs. Previous studies showed that the phosphorylation of p38MAPK was markedly decreased in GABAergic agonist-treated macrophages [9] . Activation of the p38MAPK pathway can promote macrophage proliferation induced by oxidized low-density lipoprotein and suppress the expression of ABCA1/G1 and SR-BI [7, 31, 32] . For simultaneously regulating cholesterol-metabolism associated molecule gene expressions, the role of the TNF-α and NF-κB pathways was controversial. Marie et al. reported that TNF-α signals primarily through NF-κB induce ABCA1 expression in mouse peritoneal macrophages [33] . However, Jeffrey et al. indicated that an intact NF-κB pathway is necessary for TNF-α to have its full inhibitory effect on ABCA1 expression in a human intestinal cell line [34] . Lei et al. demonstrated that TNF-α, through the NF-κB pathway, specifically enhances the expression of human ACAT1 gene to promote CE-laden cell formation from differentiating monocytes [31 ] . In the present study, we observed the inhibitory effects of GABA and topiramate on p38MAPK and NF-κB in lipid-laden HMDMs. Both pathways may be involved in the improvement of GABA and topiramate on macrophage cholesterol metabolism. Expression of GABA-A receptors has been demonstrated on human monocytes in vitro, indicating that GABA and topiramate may directly affect macrophage activity. However, because both drugs have a wide spectrum of targets, it is not clear whether there is a more global effect in terms of changes in macrophage gene or protein expression. The underlying mechanisms need to be explored.
In this study, we found that baclofen, a GABA-B receptor agonist, had no effect on the foam cell formation of HMDMs. The immunosuppressive action of baclofen may not have been involved in the lipid signaling pathway of macrophages.
In summary, our findings provide evidence for the first time that GABA and topiramate treatments inhibit the formation of human macrophage-derived foam cells. These findings
